In order to delineate the effects of death on the immunofluorescence of autonomic nerves supplying the human ventricular myocardium, we studied percutaneous myocardial samples obtained postmortem from 5 individuals within 3 h of death. Subsequent samples were obtained daily from the same individuals up to a total of 5-11 d. The antibodies employed included those against protein gene product 9.5 to demonstrate nervous tissue, dopamine β-hydroxylase and tyrosine hydroxylase to reveal catecholaminergic neural tissue and neuropeptide Y. An indirect immunofluorescence technique using the avidin-biotin method was employed. The density of myocardial protein gene product 9.5 immunoreactive nerves declined on the 7th day, and became markedly diminished by the 11th day. Immunoreactive dopamine β-hydroxylase nerves decreased on the 5th day, and were difficult to idenitify by the 9th day. The density of tyrosine hydroxylase and neuropeptide Y containing nerves rapidly diminished on the 3rd and 4th days, and became undetectable by the 7th and 8th days, respectively. The present results indicate that, depending on the type of antibodies used, immunohistochemical techniques can be used on human hearts obtained up to within 6 d of death to study cardiac innervation.
obtained during cardiac transplantation, or else on surgically excised cardiac tissue from abnormal adult hearts (Rechardt et al. 1986 ; Wharton et al. 1988 Wharton et al. , 1990 . Other workers have shown that, by using fresh postmortem tissues obtained within 12 h of death, the results of immunofluorescent staining for cardiac nerves were similar to those derived from surgically excised cardiac tissues (Wharton et al. 1990 ; Chow et al. 1993 Chow et al. , 1995 Gordon et al. 1993 ; Crick et al. 1994 ; Kent et al. 1974) . Nevertheless, the time period after death during which such results remain unaffected by postmortem change is not known. The purpose of the present investigation, therefore, has been to study the immunofluorescent staining of autonomic nerves supplying the same human hearts up to 11 d after death. By so doing, we have attempted to define the time period after death within which immunohistochemical techniques can reasonably be applied to study cardiac innervation.
  
Percutaneous postmortem myocardial samples were obtained from 5 individuals who had no known history of heart disease and died of illnesses unrelated to the cardiovascular system. Following the ethical standards of our hospital, the bodies were kept in the mortuary at a temperature of 4 mC. The specimens were taken with Tru-cut biopsy needles (Baxter, Valencia, USA) within 3 h after death and thereafter at daily intervals through the same site. For each case, the serial myocardial samples were taken by the same investigator using the same approach. The skin was punctured in the 5th left intercostal space in the midclavicular line. The needle was directed towards the right shoulder, and then advanced slowly until it entered the ventricular myocardium. Two samples of adequate sizes were taken daily up to 5-11 d after death (Table 1) .
Tissue preparation
The tissues obtained were immediately frozen in isopentane previously cooled in liquid nitrogen and serially sectioned in a cryostat at 10 µm thickness. Each section was mounted on a gelatin-subbed glass slide and stored at k70 mC. For every block of tissue, 50 such serial sections were prepared. The 1st, 25th and last sections from each block were stained according to Masson's trichrome technique and used for routine histological assessment. As appropriate, intermediate sections were processed using immunohistochemical techniques.
Immunofluorescence reactivity
The following antisera were used for immunohistochemical study : protein gene product 9.5 (PGP) Table 2 . An indirect immunofluorescence procedure using the avidin-biotin complex technique was employed (Chow et al. 1993 (Chow et al. , 1995 . In brief, the cryostat sections were air dried at room temperature for 1 h, and then fixed in 0.4 % parabenzoquinone for 3 min. They were sequentially incubated at room temperature with the diluted primary antisera for 16 h, biotinylated antirabbit immunoglobulin for 30 min, and finally fluorescein Avidin D for 30 min, with thorough washing in phosphate buffered saline between the steps. The sections were mounted in glycerol mixed 1 : 1 with buffered saline and examined with a microscope equipped for epi-illumination. For each case, 2 sections from different levels of each specimen were analysed for each antigen. All sections from the same series of biopsies from each patient were processed at the same time for the same antigen and studied immediately afterwards with representative areas photographed, in order to avoid errors resulting from fading on storage.
For positive controls, we used tissue sections from a segment of adult human small intestine freshly obtained during surgery. The autonomic nerves in the wall of the intestine showed positive immunostaining with all antibodies. For negative control sections, the primary antisera were either omitted, replaced with preimmune serum, or preabsorbed with their respective antigens. In these controls, immunofluorescent staining was absent.
Assessment of postmortem changes in size of myocardial cells
In order to assess the effect of death on the size of myocardial cells, we compared the diameters of cardiac muscle fibres in the initial and final biopsies removed from the same hearts. For this purpose, the histogical sections were used and for each specimen, 20 representative longitudinally sectioned myocardial fibres containing centrally located nuclei were selected, their diameters measured with a graticule (Graticules Ltd, Tunbridge, UK), and the mean diameters calculated together with their standard deviations, since the latter were required for statistical analysis using the null hypothesis.
Quantitation of immunofluorescent nerve
The immunohistochemically stained sections of myocardial tissue were examined with a microscope equipped for epi-illumination. For each section, using a i20 objective and i10 eyepieces, 5 representative colour photomicrographs were taken from regions well away from the edges of the specimens, where mechanical artifacts caused by the sampling procedure might occur. Only microscopic fields containing longitudinally sectioned myocardial fibres were included for analysis. Furthermore, we also selected for study regions of each section which were devoid of immunofluorescent perivascular plexuses, avoiding their interference in the quantitation of intramyocardial nerves. The areas occupied by the nerves in these photomicrographs were calculated using the Videoplan 2 Image Analysis System (Kontron Elektronik, Munich, Germany). The mean areas occupied by immunoreactive nerves for each of the sections was then obtained. For each case, the area of the nerves in the initial biopsy obtained within 3 h after death was taken as the baseline reference level and designated as 100 %. The relative areas, and hence densities of the nerves in the subsequent biopsies taken at daily intervals were then calculated accordingly.
In this quantitative assessment, the intramyocardial nerves appeared as fine, wavy, bright green fluorescent fibrils, sometimes with demonstrable varicose enlargement in their terminals, and could thus be distinguished from the bright yellow or yellowish green autofluorescence of lipofuscin pigments, elastic and collagenous tissue.
Statistical analysis
Analysis of postmortem changes in size of myocardial cells. We used the null hypothesis to test for the significance of the difference between the 2 mean diameters of the myocardial fibres at initial and final sampling. A 2-tailed test with a significance level of 0.05 was applied.
Analysis of postmortem changes in immunofluorescent nerves. As the amount of immunofluorescent nerves in all subsequent samples in each case had been quantitated as a percentage of that of the initial biopsy, which was taken as 100 %, we thus applied the null hypothesis for the test of significance concerning proportions in our statistical analysis. We defined our null hypothesis as :
H 0 : P l 0.99, where P is the actual proportion of immunofluorescent nerves detected
Since the size of the sample (5 patients) was small, we applied the Student's t distribution in our analysis, and the degree of freedom is 5k1 l 4. As we were concerned with and would reject only those results that indicated the proportion of immunofluorescent nerves to be less than 0.99, the 1-tailed test of a proportion was used. We applied the 0.05 significance level.

The samples consisted of cores of myocardial tissue, 1 mm in width, 7-15 mm in length. In every case, the histological appearance of the ventricular myocardial fibres were comparable. In particular, with the above statistical analysis, there is no significant difference in the mean diameters of the myocardial fibres in the initial and final biopsies (P 0.05), which are summarised in Table 3 . There was no overt hydropic swelling of the myocardial fibers, nor any increase in intersitial oedema in the final specimens as compared with those obtained within 3 h of death. The nerves revealed by the immunofluorescent techniques consisted mainly of fine fibres which ran between the myocardial cells, being distributed evenly throughout each specimen (Fig. 1) . In every case, there was a decrease in the number of immunoreactive nerves in the later biopsies as compared with the initial ones, although the intensity of immunostaining of the nerves, as assessed visually, remained similar throughout. The results are summarised in Table 4 , in which the mean relative densities of the various types of immunofluorescent nerves are tabulated with respect to time. Since we are using the means of a random sample to estimate the means of the entire population, the standard errors of the mean (...), rather than the standard deviations were calculated. For the purpose of clarity, the results are also depicted graphically in Figure 2 . (Table 4 , Fig. 2) The initial myocardial samples showed numerous PGP immunoreactive nerves evenly distributed throughout the myocardium (Fig. 1 a) . The densities of these immunoreactive nerves remained fairly similar in the subsequent biopsies until d7, when they started to decline. By d11, the densities of these immunoreactive nerves were reduced to about one third of the initial biopsy (Fig. 1 b) . Applying the statistical analysis detailed above, the proportion of PGP immunoreactive nerves on d7 (86.9 %) as well as those afterwards, were shown to be significantly less than the desired level of 0.99 or 99 % of the initial sample (P 0.05). (Table 4 , Fig. 2) The mean density of DBH immunoreactive nerves in the initial specimens was about 80 % of that of PGP immunoreactive nerves. Furthermore, the densities of DBH immunoreactive nerves in the myocardium of the biopsies taken in the first 4 d after death of the patients were similar to those of the initial specimens. The densities of these nerves decreased on d5 and, by d9, these nerves were rarely detected (Fig. 2) . Statistically, the proportion of DBH immunoreactive nerves on d5 (86.1 %) and those afterwards were The density of PGP-immunoreactive nerves declined on the 7th day, and was reduced to about one third of the initial value by the 11th day. The density of DBH-immunoreactive nerves decreased on the 5th day and was barely detectable by the 9th day. The density of THimmunoreactive nerves declined on the 3rd day and became undetectable by the 7th day. The density of NPY-immunoreactive nerves decreased on the 4th day and became undetectable by the 8th day. significantly less than the desired level of 0.99 or 99 % of the initial specimen (P 0.05). (Table 4 , Fig. 2) The mean density of TH immunoreactive nerves in the initial specimens was about 80 % of that of PGP immunoreactive nerves. In addition, the densities of myocardial TH immunoreactive nerves remained similar in the first 2 postmortem days and declined on d3. By d7, these nerves were undetectable (Fig. 2) . Statistically, the proportion of TH immunoreactive nerves on d3 (85.2 %) as well as those afterwards, were significantly less than the desired level of 0.99 or 99 % of the initial specimen (P 0.05). (Table 4 , Fig. 2) For NPY immunoreactive nerves, the mean density in the initial samples was about 30 % of that of PGP immunoreactive nerves. Moreover, the density declined on d4 and, by d5, was reduced to about half that of the initial samples ( Fig. 1 c, d ). On d8, such nerves were undetectable (Fig. 2) . Statistically, the proportion of NPY immunoreactive nerves on d4 (85.5 %) and those afterwards was significantly less than the desired level of 0.99 or 99 % of the initial specimen (P 0.05).
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
The study of human cardiac innervation has been hampered by the difficulty in obtaining sufficiently fresh human cardiac tissue and as a result, data concerning the innervation of the normal human heart is scanty (Chow et al. 1993 (Chow et al. , 1995 Gordon et al. 1993 ; Crick et al. 1994 ; Kent et al. 1974 ). Without such data, an analysis of human cardiac innervation in the various pathological states affecting the heart cannot be compared with the normal. We have now studied the effects of postmortem delay on immunofluorescent staining of the autonomic nerves of the human heart. A panel of antisera (Table 2 ) has been employed in order to determine the time period after death during which immunohistochemical techniques can reasonably be applied to the study of cardiac innervation. Since it has been established by previous workers that the density of various types of immuoreactive nerves remains unchanged within the first 12 h after death (Wharton et al. 1990 ; Kent et al. 1974) , the initial samples from all our patients, taken within 3 h of death, are therefore considered to be representative of normal cardiac innervation.
Since the histology of all subsequent myocardial specimens taken at daily intervals after the death of the patient was comparable to the initial samples, as evidenced by similar myocardial fibre diameters (P 0.05) and the absence of increased interstitial oedema, the density of innervation can be considered as an accurate parameter in the quantitative comparison of the changes in immunofluorescent autonomic nerves. Moreover, since the nerves consisted mainly of small pericellular fibres distributed evenly throughout the sample, valid quantitation could be obtained by assessing selected areas of the myocardium. For each myocardial sample, therefore, using the same magnification, the area occupied by these immunoreactive nerves expressed as a percentage of the initial sample from the same patient served as an accurate indicator for postmortem change in the visualisation of the density of cardiac autonomic nerves. Furthermore, by using repeated samples from the same subject, the contribution of individual variation in myocardial innervation for each series has been eliminated. Similarly, by processing all the sections in the same series of samples from each patient at the same time for every antigen, studying them immediately afterwards with representive areas photograghed, errors resulting from minor variations in tissue processing and staining, and fading on storage are reduced to the minimum.
In the quantitation of the relative densities of immunoreactive nerves, we have found significant and widespread autofluorescence due to the lipofuscin pigments in the myocardial fibres. Although these bright yellow autofluorescent granular lipofuscin pigments, as well as the yellowish green autofluorescence of elastic and collagenous tissue, can be distinguished visually from the bright green wavy intramyocardial nerves which possess varicose enlargements at their terminals, their interference renders direct automatic quantitation and analysis of myocardial innervation difficult, if not impossible. We circumvented this problem by taking colour photographs of representative areas of the myocardial biopsies, and quantitated the immunoreactive nerves under visual selection. This method of quantitation is obviously more laborious, but the accurate measurement of the relative densities of immunoreactive nerves can be secured.
While previous workers have demonstrated that the densities of the various types of immunoreactive nerves remained unchanged within the first 12 h after death (Kent et al. 1974 ; Wharton et al. 1990 ), our study has revealed a similar result up to 6 d after death for nerves visualised using PGP. PGP is a soluble protein originally detected in extracts from human brain by high resolution 2-dimensional polyacrylamide gel electrophoresis (Jackson & Thompson, 1981) . Subsequently, PGP was shown to be a ubiquitin carboxyl-terminal hydrolase enyzme (Wilkinson et al. 1989) , and, in routinely processed tissues, standard immunohistochemical techniques using polyclonal antibody raised in rabbit against PGP demonstrated peripheral nerve fibres with specificity and precision (Thompson et al. 1983 ). In addition to its high sensitivity for nervous tissue, PGP has the additional advantage that its antigenicity remains preserved after fixation with formalin, allowing its detection in routinely processed paraffin embedded tissue (Thompson et al. 1983) . Indeed, this property of PGP is reflected in the present study by the slow decline after death in the density of immunoreactive nerves, a process which did not begin until the 7th day after death. With these advantages, the use of PGP as a general neural marker in future assessments of the innervation of the human heart has wide potential application for both surgical and autopsy tissues.
DBH and TH are enzymes involved in the synthesis of catecholamines (Molinoff & Axelrod, 1971) , and have generally been regarded as useful indicators for the localisation of sympathetic neural tissue. Compared with PGP immunoreactive nerves, the densities of both DBH and TH immunoreactive fibres declined more rapidly, starting on the 5th day for DBH and 3rd day for TH. They were difficult to detect on the 9th and 7th day respectively. The underlying explanation for their difference in postmortem preservation of antigen remains uncertain, but may be related to their differences in structure, storage and metabolism. For example, it has been shown that DBH, unlike TH, is partially particulate, associated with the membrane of noradrenaline storage vesicles, and some of it is contained within the matrix of the vesicles and is released on exocytotic liberation of noradrenaline (Weinshilboum et al. 1971) . It should also be noted that detection of nerves containing these enzymes requires either the use of fresh frozen tissue or fixation at low temperature (Wharton et al. 1990 ), which is not always available in retrospective studies.
NPY, a peptide known to coexist with noradrenaline in certain sympathetic nerves (Sternini & Brecha, 1985 ; Lundberg et al. 1983 ; Warner & Levy 1990 a, b) ; it has been shown to be released with noradrenaline in response to sympathetic stimulation in humans and other mammals (Pernow, 1988 ; Lundberg et al. 1989) . NPY elicits various physiological effects, including inhibition of release of neurotransmitters and direct vasoconstriction, and appears to be an important messenger in sympathetic neural transmission at both pre and postsynaptic sites (Lundberg et al. 1984 ; Franco-Cereceda et al. 1985 ; Warner & Levy, 1990 a, b) . Previous studies have shown that nerves positive for NPY form the densest population of peptide-containing nerves in the human heart, and their pattern of distribution is similar to that of TH immunoreactive nerves (Wharton et al. 1990 ; Chow et al. 1995) . In the present study, we have found that the density of NPY immunoreactive nerves in postmortem myocardium declined on the 4th day and became undetectable by the 8th day after death.
In accordance with our previous experience (Chow et al. 1995) , we found that in the initial samples, the mean densities of myocardial DBH, TH and NPY immunoreactive nerves were around 80 %, 80 % and 30 % respectively of that of PGP immunoreactive nerves. They were thus present in substantial amount to allow their accurate quantitation as well as subsequent statistical analysis. Conversely, even though we had attempted to include in our investigation other relevant antibodies, namely, calcitonin gene related peptide and substance P as markers for sensory-motor nerves (Gibbins et al. 1985) , and vasoactive intestinal polypeptide as a marker for parasympathetic nerves (Lundberg, 1981) , we found that nerves showing immunoreactivity against these antibodies were extremely sparse in the human ventricular myocardium. Their densities were about 2 % of that of PGP immunoreactive nerves. As a result, their accurate quantitation in small biopsy specimens had proved to be difficult and statistical analysis revealed that the probable errors involved in the measurements were so great that no valid conclusion concerning the postmortem changes in the densities of these immunoreactive nerves could be justified.
In summary, it is apparent from the results of the present study that valid information concerning cardiac innervation can be obtained by studying the pattern of PGP immunoreactive nerves in normal human hearts from autopsies performed within 6 d after death. Furthermore, since the antigenicity of PGP remains preserved after fixation in formalin, retrospective analysis of cardiac innervation can be achieved by studying the pattern of PGP immunoreactive nerves in routinely processed surgical or autopsy tissues. Concerning DBH, TH and NPY immunoreactive nerves, relatively fresh tissue is required, which must be fresh frozen or otherwise fixed at low temperature and obtained within 4, 2 and 3 d after death, respectively. Having defined these time periods during which valid information on cardiac innervation can be achieved from postmortem study, it is now possible, with further investigation, to provide more data on the normal innervation of the human heart. With such normal reference, immunohistochemistry can then be applied to the analysis of cardiac innervation in cases such as cardiac arrhythmia or sudden cardiac death, where abnormalities in the neural control of the heart are thought to play an important role (James, 1980) . Finally, it has to be noted that since only 4 antigens have been examined in the present study, and there was considerable variation in the postmortem time period during which their antigenicities remained preserved, it is still desirable to obtain fresh material for study whenever possible, especially when other neuropeptides or antigens are being analysed. 
